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Gelatin Nanoparticle-Injectable Platelet-Rich Fibrin Double
Network Hydrogels with Local Adaptability and Bioactivity

for Enhanced Osteogenesis

Zhixiang Mu, Kaiwen Chen, Shuai Yuan, Yihan Li, Yuanding Huang, Chao Wang,
Yang Zhang, Wenzhao Liu, Wenping Luo, Panpan Liang, Xiaodong Li, Jinlin Song,

Ping Ji, Fang Cheng, Huanan Wang,* and Tao Chen*

Bone healing is a dynamic process regulated by biochemical signals such as
chemokines and growth factors, and biophysical signals such as topograph-
ical and mechanical features of extracellular matrix or mechanical stimuli.
Hereby, a mechanically tough and bioactive hydrogel based on autologous
injectable platelet-rich fibrin (iPRF) modified with gelatin nanoparticles
(GNPs) is developed. This composite hydrogel demonstrates a double net-
work (DN) mechanism, wherein covalent network of fibrin serves to maintain
material integrity, and self-assembled colloidal network of GNPs dissipates
force upon loading. A rabbit sinus augmentation model is used to investi-
gate the bioactivity and osteogenesis capacity of the DN hydrogels. The DN
hydrogels adapt to the local environmental complexity of bone defects, i.e.,
accommodate the irregular shape of the defects and withstand the pressure
formed in the maxillary sinus during animal’s respiration process. The DN
hydrogel is also demonstrated to absorb and prolong the release of the bioac-
tive growth factors stemming from iPRF, which could have contributed to the
early angiogenesis and osteogenesis observed inside the sinus. This adapt-
able and bioactive DN hydrogel can achieve enhanced bone regeneration

in treating complex bone defects by maintaining long-term bone mass and
withstanding the functional mechanical stimuli.

1. Introduction

Bone regeneration involves a cascade of
biological events including early hemo-
stasis and inflammation triggered by
platelets and immune cells, matrix depo-
sition, and mineralization induced by
osteoblasts and bone remodeling driven
by interplay between osteoblasts and
osteoclasts."2l This dynamic bone healing
process has been elucidated to be actively
regulated by the biochemical and biophys-
ical signals. Biochemical signals include
insoluble extracellular matrix (ECM) and
soluble chemokines, cytokines, and mor-
phogenetic growth factors.[2?! Biophysical
signals on the other hand are influenced
by topographical and mechanical proper-
ties of ECM™ and also the mechanical
stimuli generating from physiological
activities. In case of sinus, the physiolog-
ical process of respiration and rhythmic
movements can influence healing of
bony defects.'®l The interplay of these
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environmental cues along with biochemical factors play a piv-
otal role in determining bone formation and bone remodeling
and presents as an enormous challenge toward bone regen-
eration. Enormous efforts have been made to replicate these
intricate physiologically process for the purpose of bone tissue
regeneration.[1"7]

On a biochemical level, the early presence of various growth
factors (e.g., bone morphogenetic protein-2 (BMP-2), vascular
endothelial growth factor (VEGF), and transforming growth
factor-B (TGF-P)) within the formed blood clot at the defect
sites is the dominant driving force to recruit stem cells and
induce angiogenesis and osteogenesis.>®% In case of complex
bone defects with critically sized defect area, irregular shape,
and mechanical stimuli due to human’s physiological activities
presents as a limiting factor to achieve bone regeneration. To
overcome this, bone grafts containing osteoinductive growth
factors especially BMP-2 and BMP-7 have been extensively
used for clinical treatment of bone defects.B-11l However, severe
side effects, high cost, and off-label use of inappropriate dose
of these growth factors have restricted further applications in
clinics.'12l Thus, to achieve sustained release of, preferably
autologous, growth factors at a physiologically relevant dose is
an important key to realize successful bone regeneration.

The so-called autologous blood-derived protein scaffolds,
obtained by concentrating extract of platelets from patients’
own blood, has recently emerged as a more effective and reli-
able therapy for the regeneration of skins, tendons, and bone
tissues, which typically contain various instructive growth fac-
tors than application of exogeneous growth factors.'>14 Among
these autologous blood-derived protein scaffolds, injectable
platelet-rich fibrin (iPRF) with concentrated growth factors
can be used as an injectable formulation, which can gradu-
ally transform from a liquid phase to an elastic fibrin-based
hydrogel.l'>1%l The applications of iPRF or the other forms of
autologous blood-derived protein scaffolds as scaffolds for the
treatment of bone defects have shown limited success, most
likely due to the substantially poor mechanical strength and
rapid degradation of these scaffolds, which limit its single appli-
cation to withstand complex mechanical environment and pro-
longed presentation of osteogenic signals for bone regrowth.['”]
Attempts have been made to address these issues, by modifying
the scaffolds with other biomaterials to improve the mechan-
ical strength and delay biodegradation with sustained release
of biochemical signaling molecules.'*'”) However, ideal bone
scaffold is still lacking due to the problematic issues including
i) difficulty to maintain long-term structural integrity when
using injectable granular carriers,['®1% ii) incapability to retain
the long-term presence of growth factors,1?% and iii) mis-
matching mechanical properties of biomaterials to the local
complex mechanical environment.[1?21]

From the biophysical aspect, scaffolds that mechanically
mimics the natural ECM of bones and adapts to the irregular
shape and local mechanical stimuli at the defect site is of tre-
mendous significance for the regeneration of bone tissue.*>?%
A large number of previous studies have pointed out osteogen-
esis can be substantially affected by mechanical stimuli such as
thythmic compression or extension.['®l Particularly, stem cells
have been demonstrated to be mechano-responsive, in which
mechanical features such as stiffness, stress relaxation, and
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creep can significantly steer stem cell fate.*>?2231 As shown

previously, mesenchymal stem cells can induce osteogenic dif-
ferentiation under 2D or 3D culture with hydrogels of proper
stiffness.>?2l More recent studies have further indicated the
viscoelasticity of the ECM rather than the matrix’s elasticity is
the pivotal factor that determines the stem cell fate.#24 Cells
can convert such mechanical signals from local environment
into internal response via specific pathways. This further ena-
bles bone reconstruction and remodeling, which is known as
“mechano-transduction.”

Hydrogels have shown great potential to provide a physiolog-
ically relevant microenvironment for cell regrowth and tissue
regeneration,?’! and also act as delivery vehicles for controlled
drug release.?’l However, conventional permanently hydrogels
with extensively high crosslinking density are typically more
elastic rather than viscoelastic, and cannot adapt the local envi-
ronmental complexity of bone defects,** i.e., to accommo-
date the irregular structure and topography of the defects, to
replicate the mechanical signals of normal ECM, and to with-
stand the external forces resulting from regular physiological
activities.l?!] To overcome these limitations, hydrogels with local
adaptability and long-term bulk stability have emerged as attrac-
tive biomaterials, which are typically formed by reversible inter-
actions (e.g., electrostatic interactions, hydrophilic/hydrophobic
interactions, hydrogen bonds, guest-host interactions).?’?’] As
the term “adaptability” interpreted as the ability to withstand
the complex mechanical environment and irregular shape,
these adaptable hydrogels have shown desired viscoelasticity
including shear-thinning and self-healing behavior resulting
from the reversibility of physical linkage within the network.[28!
However, these adaptable hydrogels have shown rather poor
mechanical strength due to intrinsic feature of weak reversible
bonds, thus restricting their widespread applications as bioma-
terials to spatially fill the bone defect rather than to substitute
the defective load-bearing bones.?”? Therefore, it still remains
a challenge to develop hydrogel biomaterials that are adaptable
to the local structural and mechanical environment of bone
defects.

Hereby, we proposed double network (DN) hydrogels by
combining autologous iPRF with amphoteric gelatin nano-
particles (GNPs) that allow a “bottom-up” assembly of nano-
particles into an interconnected colloidal network. iPRF that
is initially in liquid-like state was combined with the noncova-
lently crosslinked colloidal network that is shear-thinning and
self-healing, which led to the formation of a composite hydrogel
that possessed injectability and moldability within the initial
400 s as the polymerization of fibrin network was not completed
yet.3%31 The investigation of the structural and mechanical
features of the composite hydrogels revealed a double network
mechanism which rendered the hydrogels with toughness
values and degree of deformation orders of magnitude greater
than what they can achieve separately.?? A rabbit sinus aug-
mentation model was used to investigate the bioactivity and
capacity of osteogenesis of the DN hydrogels, which showed
desirable adaptability to the local environmental complexity of
bone defects, i.e., to accommodate the irregular shape of the
defects and to withstand the pressure formed in the maxillary
sinus during animal's respiration. The DN hydrogel was also
demonstrated to absorb and prolong the release of the bioactive
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growth factors stemming from iPRF, which may contribute to
the early angiogenesis and osteogenesis observed in the sinus
cavity.

2. Results and Discussions

2.1. Mechanical Properties of GNPs-iPRF Composite Gels

To prepare GNPs-iPRF composite gels, iPRF was obtained from
the whole blood of rabbits by centrifugation at 700 rpm for
3 min, which was initially a flowable liquid. We monitored the
sol-gel transition process of iPRF by an oscillatory time sweep
measurement using rheometer, and noticed a rapid increase
of G’ value (storage modulus) which crossed with G” (loss
modulus) after 10 min and eventually plateaued at G"~ 0.3 kPa
(Figure 1a and Figure S1, Supporting Information). This slow
solidification process of iPRF allows it to be easily mixed with
carrier materials such as GNPs simply by multiple cycles of
extrusion using two connected syringes (Scheme 1).

GNPs have been demonstrated to form a rather elastic but
also shear-thinning and self-healing colloidal gel due to the
cohesive interactions between globally positively charged but
locally amphoteric gelatin nanoparticles.2%3! This allows col-
loidal gels of GNPs to be injectable/printable and moldable, as
well as to be easily mixed with liquid-like materials by extru-
sion. Particularly, to obtain a mechanically strong colloidal
gel, we prepared the gels with a GNP volume fraction ¢ above
random close packing (@rcp = 0.64), corresponding to GNPs
concentration of 12 w/v%. Such high ¢ can eliminate the struc-
tural change after shear-induced mixing and ensure the forma-
tion of the densely packed colloidal network by reversible inter-
particle bonds. As shown in Figure 1a, 12 w/v% GNPs formed
quite weak colloidal gels with G’ value of =1 kPa. Remarkably,
the GNPs-iPRF composite gels resulted in much stronger gels
with G’ value of =10 kPa, one order of magnitude higher than
that of pure GNPs colloidal gels or solidified iPRF. Moreover,
the waiting time for the binary composite gel to completely
solidify substantially reduced to =400 s as compared to iPRF,
indicating the accelerated polymerization of fibrin network
upon mixing with gelatin.}3l Before complete solidification,
the GNPs-iPRF composite gels were shear-thinning and self-
healing, enabling injectability and adaptability to irregularly
shaped defect (Figure 1b and Figure S2, Supporting Informa-
tion). Interestingly, the self-healing efficiency (defined as the
recovered G’ value relative to the initial G’) for the composite
gels without triggering fibrinogen’'s polymerization (by adding
sodium citrate to block the hemostasis process) reached up to
=90%, significantly higher than pure GNPs colloidal gels of the
same concentration (=73%) (Figure S3, Supporting Informa-
tion); we speculated this can be related to the enhanced inter-
particle interactions between GNPs caused by the depletion
force upon mixing GNPs with iPRF and/or cohesive interac-
tions between gelatin and fibrin.34 The self-healing efficiency
(defined as the recovered G’ value relative to the initial G*) sub-
stantially declined to <30% (Figure 1c).

We further evaluated the self-healability of GNPs-iPRF
gels upon cutting, the gels were cut into small pieces and
put (unstained or stained by purple dye) into direct contact at
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their freshly cut interface. For the composite gels before com-
plete solidification, the cracks self-healed within a few minutes
at room temperature induced by the reversible interparticle
bonds. In contrast, the composite gels gradually lost the self-
healability after the complete solidification of iPRF (Figure 1d
and Figure S4, Supporting Information), since the covalent
bonds of fibrin network dominated, and interrupted the revers-
ibility of interparticle bonds within the network. Apparently,
the GNPs-iPRF composite gels were highly elastic and stiff,
evidenced by the frequency-independent behavior measured
by rheology, which was opposite to solidified iPRF showing
more frequency-dependent behavior (Figure 1le). Especially,
the inherent deformability of soft gelatin nanoparticles allowed
the preparation of highly jammed colloidal dispersions in iPRF
with volume fractions up to 1 as the deformable soft GNPs can
fill into the interparticle voids. As shown in Figure 1f, GNPs
concentrations above 12 w/v% (¢ = 0.6) in iPRF can form highly
stiff gels with G’ value reaching up to 28 + 4 kPa (20 w/v%
of GNPs in the composite gels, corresponding to ¢ = 1).

We further characterized the mechanical properties of GNPs-
iPRF composite gels (12 w/v% of GNPs) using conventional
compression and tensile tests. The composite gels showed a
linear-elastic response followed by a brittle fracture mode upon
compressive loading, with the compressive modulus E and
strength o, of 32.7 + 4.6 and 34.1 + 4.3 kPa, respectively, and
the fracture strain of 50% (Figure S5, Supporting Informa-
tion). In comparison, the colloidal gels showed a similar elastic
behavior upon compression but less stiffness with E and o
of 9.2 £ 2.7 and 5.6 £ 0.8 kPa, respectively, whereas the iPRF
showed an even weaker and easily deformed gel with F and o,
0of 0.9 £ 0.1 and 1.1 £ 0.1 kPa, respectively. We calculated the
fracture energy upon compression and tensile by the integrated
area under the loading curve, the composite gels presented sig-
nificantly higher fracture energy of 9.2 + 2.2 k] m= as com-
pared to GNPs colloidal gels (1.7 £ 0.2 k] m~) and solidified
iPRF (0.5 £ 0.1 k] m~3) (Figure 1g). Remarkably, the tensile tests
also revealed a purely elastic response for the composite gels
evidenced by the linear stress—strain curve and the absence of
any plastic deformation (Figure 1h), with the tensile modulus E
and strength o, of 25.3 £ 4.1 and 8.1 + 1.3 kPa, respectively. In
contrast, solidified iPRF gels showed weaker mechanical prop-
erties with E and o, of 1.5 £ 0.3 and 1.2 + 0.2 kPa, respectively;
meanwhile, the colloidal gels were more elastic than iPRF
with E and o; of 14.1 £ 3.1 and 2.5 £ 0.2 kPa, respectively. The
composite gels also exhibited enhanced stretchability with the
fracture strain up to =40%, slightly lower than iPRF (fracture
strain of 56.1 £ 7.1%), but considerably higher than pure GNPs
colloidal gels of 9.7 + 0.8%. Besides, the GNPs-iPRF composite
gels showed higher fracture energy of 1.6 + 0.4 k] m™ as rela-
tive to pure GNPs colloidal gels (0.09 £ 0.01 k] m~3) and iPRF
(0.14 £ 0.03 k] m™3) (Figure 1i). The significantly enhanced
mechanical properties of the composite gels reminded us of
the design principle and mechanical behavior of DN hydrogels,
which typically showed remarkably enhanced toughness values
and degree of deformation than each component can achieve
separately. Inspired by this, we speculated that the fibrin net-
work in the GNPs-iPRF composite gels serves as a primary
covalent network to maintain material integrity, while GNPs
formed a secondary colloidal network to provide sacrificial
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Figure 1. The structural and mechanical properties of GNPs-iPRF composite hydrogels. a) Triggered self-polymerization of iPRF and GNPs-iPRF gels
(time sweep at 0.5% strain and 1 Hz frequency), as reflected by the sharp increase of G”and G” value and the excess of G’ relative to G” indicating a
sol-gel transition. b) Images showing the injectability and moldability of GNPs-iPRF gels when the fibrin network was not yet solidified. c) Evolution of
storage modulus of GNPs-iPRF gels before (denoted as “uncrosslink”) and after iPRF network formation (denoted as “crosslink”) during the destruc-
tive shearing (oscillatory strain sweep with increasing strain from 0.1% to 1000% with a fixed frequency of 1 Hz) and recovery (oscillatory time sweep
at 0.5% strain and a frequency of 1 Hz for 200 s). d) The corresponding images showing the self-healing behavior of the GNPs-iPRF gels before and
after solidification. e) Frequency dependence of storage (solid symbol, G*) and loss (open symbol, G”) modulus of GNPs, iPRF, and GNPs-iPRF gels.
(GNPs concentration of 12 w/v%.) f) The storage modulus and time of solidification for GNPs-iPRF gel as a function of volume fractions of GNPs in
the composites. g) The stress—strain curves of compressive, and h) tensile measurements at a strain rate of 0.021 1 s™' for the GNPs, iPRF, and GNPs-
iPRF gels. i) The fracture energy calculation based on compressive and tensile measurements of GNPs, iPRF, and GNPs-iPRF gels (n = 3). j,k) The
hysteresis curves of different hydrogels upon cyclic compressive loading and unloading. |) The scanning electron microscopic photographs showing
the representative microstructures of GNPs (I1), iPRF (12), and GNPs-iPRF (I3) gels.
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Scheme 1. Schematic diagram of the design and preparation of double

network hydrogels composed of GNPs and injectable platelet-rich fibrin

(iPRF). The whole blood was taken from rabbits and centrifuged at 700 rpm for 3 min, a yellowish liquid-like iPRF at the upper layer of the blood was
obtained and immediately transferred into a syringe and mixed with the freeze-dried GNPs by repetitive extrusion of the mixtures in two connected
syringes until the consistency was even. The mixture was injectable and moldable within 400 s, until the solidification of the composite hydrogel trig-
gered by polymerization of fibrin network, realizing the formation of double network hydrogels composed of GNPs and iPRF. The cartoons display
the mechanism of the formation of @ platelet-rich fibrin network, @ colloidal network of GNPs, and ® the DN hydrogel composed of GNPs and
iPRF. For the composite system of iPRF and GNPs, after mixing the two components, the polymerization reaction between fibrinogen and thrombin
in iPRF led to the formation of fibrin network, which was adhesive to the positively charged GNPs due to electrostatic and hydrophobic interactions

between the two components.

bonds to dissipate energy, thus cooperatively leading to the for-
mation of much tougher hydrogels.

Therefore, we explored the capacity for energy dissipation
of composite gels by performing cyclic compression tests. The
GNPs-iPRF composite gels can stand the repetitive applica-
tions of the stress of =12 kPa and a strain of 25% (=50% of
the yield strain), and can rapidly recover to the original shape
upon unloading (Figure 1jk(iii) and Figure S6, Supporting
Information). We observed complete and overlapping hyster-
esis loops during the multiple loading/unloading processes in

Adv. Healthcare Mater. 2020, 1901469 1901469

the stress—strain curves for the composite gels. We quantified
the efficiency of energy dissipation by calculating the ratio
between the integrated area in the hysteresis loop and that
under the loading curve, and found that the energy dissipa-
tive efficiency of GNPs-iPRF reached 20% and the mechanical
recovery =95% after 20th cycle compression; this suggested
that the composite gels were highly elastic and antifatigue. In
comparison, the colloidal gels (12w/v% GNPs) and iPRF gels
were rather viscoelastic, characterized by unrecovered plastic
deformation of 7.5% and 15.1% (compression strain = 25%),
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respectively (Figure S7, Supporting Information). We specu-
lated the improved gel mechanics of the hybrid network to
be attributed to the formation of an interpenetrated network
by gelatin colloids and fibrin. To demonstrate our hypothesis,
we further studied the microstructure of the GNPs-iPRF com-
posite gels. The scanning electron microscope (SEM) images
showed that solidified iPRF presented a highly porous net-
work (Figure 112). The composite gels depicted a porous net-
work formed by assembled gelatin nanoparticles and fibrin
fibers interconnected with each other, indicating that there
might be cohesive interactions between the two components
(Figure 113).

2.2. Exploration of the Double Network Mechanism Based on
GNPs-Fibrin System

We further used pure fibrin, which is the key component to
trigger solidification of iPRF, to combine with GNPs to form the
composite gels. This allowed to simplify the composition of the
gels and to study the network mechanics based on a biphasic
system. We labeled GNPs and fibrinogen with rhodamine and
fluorescein, respectively. This allowed real-time monitoring the
formation of gel network using confocal microscopy. To clearly
visualize the network structure, rather dilute gel network was
prepared by dispersing 1 w/v% GNPs (corresponding to volume
fraction ¢ of =5%) in 5 x 103 m HEPES buffer containing
0.1 w/v% fibrinogen combined with 2 U mL™' thrombin. As
shown in Figure 2a, 0.1 w/v% fibrinogen led to a uniformly
distributed porous fibrin network after reacting with 2 U mL~!
thrombin and quenching for 1 min, whereas 1 w/v% GNPs also
formed an interconnected particulate network after dispersed in
neutral pH due to the cohesive interparticle forces.?! In compar-
ison, we observed the formation of an interconnected network
with higher porosity and thicker network strands after mixing
GNPs with fibrinogen and thrombin. More importantly, the sep-
arate fluorescent channels for rhodamine and fluorescein both
depicted an interconnected topology which overlapped with each
other. This indicated the high affinity between two components
which might be the driving force for the formation of double
network (Figure 2a). We further evaluated the network topology
by quantifying the average strand thickness r, average strand
length &, and node density v (Figure S8, Supporting Informa-
tion).13% The biphasic gels exhibited a thicker strand thickness
and longer strand length (r=8.9 £ 1.5 um, £=18.3 £ 2.1 um) in
comparison to pure fibrin (r=4.6 £ 1.3 um, { = 12.1 + 1.3 pm)
and colloidal gels (r=2.3 £ 0.6 pm, = 7.6 = 1.1 um). The node
density of the biphasic gels (9.4 + 2.3 N um~2) were lower than
that of pure fibrin (21 £ 4.6 N um™2) but similar to colloidal gels
(8 £ 3.9 N um2). Combining these structural properties with
the mechanical properties of the composite gels, we noticed
that the higher strand length & and lower node density v, sur-
prisingly, resulted into the stronger biphasic network as com-
pared to each single component. This should be attributed to
the higher spring constant k(&) which was positively correlated
with the G’ on value for the double network gels,*® in which
two components collaboratively established much thicker and
tougher strands in the network driven by the strong cohesive
forces such as electrostatic and hydrophobic interactions.
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Further SEM and laser scanning confocal microscopy
images of the biphasic gels prepared at higher concentration
(2 w/v% fibrinogen in combination with 20 U mL™ thrombin,
with 12 w/v% GNPs) showed the formation of a sponge-like
porous structure with micrometer-sized fibrin fibers adhered
to the densely packed GNPs (Figure 2b3 and Figure S9, Sup-
porting Information). This confirmed the cohesive interactions
between fibrin and GNPs (Figure S10, Supporting Informa-
tion). Remarkably, at higher concentration, the packing den-
sity and the branch thickness of the double network gels were
much higher than that of pure colloidal and fibrin network,
which was beneficial to the mechanical properties of the gels.

Further investigation of the mechanical properties of
the GNPs-Fibrin (GNPs-Fib) biphasic gels revealed similar
behavior to that of GNPs-iPRF gels. Before adding thrombin
to trigger the polymerization of fibrinogen, GNPs-Fib gels
showed similar behavior to that of GNPs colloidal gels charac-
terized by remarkable self-healing capability (=90% self-healing
efficiency). Once fibrin network solidified, the biphasic gels
became highly elastic and stiff at the cost of losing self-heal-
ability (Figure S11, Supporting Information). The compres-
sion and tensile tests also confirmed the improved mechanical
properties of the GNPs-Fib gels (Figure 2c,d). Typically, 2 w/v%
fibrin gels (similar fibrin concentration to the blood) were
rather weak with compressive elastic modulus E and strength
0. 0f 0.5+ 0.1 and 4.4 £ 0.5 kPa, while GNPs colloidal gels were
stiffer (E=9.2 + 2.7 kPa, o, = 5.6 £ 0.8 kPa) but rather brittle
as evidenced by the fracture strain of 35.7%. In comparison,
the biphasic gels were significantly more elastic, as reflected
by the higher compressive elastic modulus of 27.9 + 1.9 kPa,
fracture strain of 62.2 £ 11.3% (twice of GNPs colloidal gels) and the
fracture stress of 31.6 £ 5.2 kPa (six times of GNPs, eight times
of fibrin). The tensile tests revealed a purely elastic response of
GNPs-Fib gels, reflected by the linear stress—strain curve. More-
over, the biphasic hydrogels were much tougher in comparison
to fibrin gels and colloidal gels. The combination of continuous
fibrin network with reversible colloidal one allowed high degree
of energy adsorption upon loading but also the maintenance of
structural integrity at large deformation. This can be evidenced
by high fracture energy of the biphasic gels under compres-
sion or tension, even one order of magnitude higher than what
each component can achieve separately (Figure 2e). In general,
these structural and mechanical properties of the biphasic gels
demonstrated that the combination of GNPs with iPRF led to
the formation of a double network hydrogel, which possessed
significantly improved network toughness to enable long-term
bulk stability, desirable injectability to be applied in minimal
invasive surgery, and adaptability to locally satisfy the needs for
shape and mechanical strength. Conventional composite col-
loidal gels are typically composed of a continuous particulate
network dispersed in a liquid, in which different colloids with
interparticle attractions (e.g., electrostatic and hydrophobic/
hydrophilic interactions) serve as building blocks to assemble
into constructs with desirable mechanical strength and struc-
tural integrity.3%3738] However, these purely particulate net-
works invariably showed limited deformability and fatigue
resistance due to the short effective range of these physical
interactions. On the other hand,’*%! traditional composite gels
with colloidal particles dispersed in a continuous polymeric
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Figure 2. The structural and mechanical properties of GNPs-Fib biphasic hydrogels. a) Representative confocal microscopic images showing the micro-
structure of pure fibrin network, self-assembled GNPs colloidal network, and double network composed of GNPs-Fib (GNPs concentration of T wt%,
fibrin of 0.1 wt% in combination of 2 U mL™" thrombin, in 5 x 107> m HEPES buffer). The GNPs and fibrin were fluorescently labeled by rhodamine and
FITC, respectively; this allowed real-time monitoring of the formation of gel network using confocal microscopy. 0.1 w/v% fibrinogen led to a uniformly
distributed porous fibrin network after reacting with 2 U mL™' thrombin and quenching for 1 min, whereas 1 w/v% GNPs also formed an intercon-
nected particulate network after dispersed in neutral pH due to the cohesive interparticle forces. For mixture of GNPs and fibrin, an interconnected
network with higher porosity and thicker network strands was observed. The separate fluorescent channels for rhodamine and FITC both depicted an
interconnected topology which overlapped with each other; this indicated the high affinity between two components which might be the driving force
for the formation of double network (Scale bar = 50 um). b) Representative scanning microscopic images of the freeze-dried GNPs (1), fibrin (2), and
GNPs-Fib DN gels (3) at different magnifications. The fibrin network showed a highly porous but connected architecture consisting of thin films and
fibers, while the double network GNPs-Fib hydrogels showed a rather low porosity composed of densely packed GNPs connected with fibrin fibers.
d,e) The representative stress—strain curves of compressive and tensile measurements on GNPs, fibrin, or GNPs-Fib hydrogels. Strain rate =0.1 1 s7".
f) The corresponding fracture energy calculated based on compression and tensile tests for different hydrogels (n = 3).

network normally showed reinforcement effect resulting from  particulate network existed simultaneously with the poly-
the introduction of solid colloids, which were sporadically dis-  meric fibrin network, which provided the resulting composites
persed in the polymer network. This strategy could enhance  improved injectability/moldability but also enhanced toughness
the mechanical strength of the resulting composite to a certain by enabling energy dissipation upon loading.

extent, but might also occasionally compromise the mechanical

performance due to the disturbed homogeneity of continuous

phase or phase separation between the two components. In  2.3. GNPs-iPRF Gels for Bone Formation in Sinus

comparison, our strategy of double network GNPs-iPRF com-  Augmentation Models

posite gels showed substantially higher mechanical properties

resulting from the formation of two interpenetrated networks ~ The reconstruction of irregular-shaped bone defects is
of covalent fibrin network and reversible GNPs colloidal net- one of the most challenging cases in orthopedics, maxillo-
work. Specifically, the gelatin colloids formed a continuous  facial, and dental surgery. This requires bone substitutes to be
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Figure 3. Evaluation of bone formation in a New Zealand rabbit sinus augmentation model treated with GNPs-iPRF DN hydrogels. a) Scheme showing
the treatment of sinus augmentation. Briefly, a 5 mm cylinder-shaped bony defect was prepared bilaterally on the sagittal midline of the nasal bone.
Schneiderian membrane was carefully lifted to separate it from the basal bone to form an irregular-shaped defects. The colloidal gels were then injected
into the cavity using a syringe, followed by the placement of implants. b) Micro-CT examination at 4 and 8 weeks post-implantation showed that the
GNPs-iPRF group exhibited significantly more new bone formation than the other two groups. Dark gray represents the basal bone, green represents
the new bone formation, and light gray represents the implant. c) Bone volume (BV), trabecular number (Tb.N), trabecular separation (Tb.Sp) were
measured (n = 3). The results revealed that more bone formation and more compact trabecular bone were detected at four weeks in GNPs-iPRF group.
At eight weeks, more bone formation was observed in GNPs-iPRF while there was no statistical difference regarding Tb.N and Tb.Sp among three
groups. SM: Schneiderian membrane, BB: basal bone, ESMA: elevated Schneiderian membrane area, * P < 0.05, ** P < 0.01.

preferably injectable and adaptable.’*% Sinus augmentation,

typical treatment to generate bone tissues in sinus cavity for
the later insertion of dental implants, is a typical maxillofacial
surgery that calls for the tissue regeneration at irregular-shaped
bone defects.’! Traditional treatment for sinus augmentation
is to elevate the Schneiderian membrane from basal bone and
fill the sinus cavity with granular bones substitutes including
autogenous or decellularized allogenous/exogenous bones,
or synthetic bone grafts such as hydroxyapatite or tri-calcium
phosphates, which has shown disadvantages including poor
osteogenic efficacy, mismatched material degradation versus
bone regrowth, difficulty in filling irregular-shaped cavity, and
unfavorable clinical handling properties.!2

Here in this study, we took advantages of the injectability,
adaptability to local structural and mechanical conditions, and
capacity of sustained release of biomolecules from the GNPs-
iPRF hydrogels, and used these gels for the treatment of sinus
augmentation in a rabbit model. In this regard, we compared
the GNPs-iPRF gels, with pure GNPs colloidal gels or without
any filler as control accordingly. However, the sinus cavity in
control group was not interpreted as “empty” here. Due to the
elevation of SM without filling of the grafts, which was taken as
a normal surgical attempt, blood would replenish into the sinus
defect and subsequently changed into blood clots. The sinus
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was subsequently implanted by a titanium implant at the basal
bone sites (Figure 3a and Figure S15a, Supporting Informa-
tion). At different time points, the maxillofacial bones from the
sacrificed animals were explanted for micro-CT examination.
As shown in Figure 3D, the cone-shaped de novo bones that pro-
truded toward sinus cavity were observed to be surrounding the
titanium implants for all three experimental groups. Remark-
ably, the sinus cavities treated with GNPs-iPRF hydrogels led
to significantly higher amount of new bone formation in the
elevated Schneiderian membrane area (Figure 3b) as compared
to GNPs gels and the control. We then quantified the volume of
newly formed bones (denoted as BV), the number of trabecular
bones (denoted as Tb.N), and trabecular separation defined
as the space between trabecular bones (denoted as Tb.Sp) by
processing the micro-CT data. At four weeks, the GNPs-iPRF
group exhibited significantly higher values for BV and Tb.N but
lower value for Tb.Sp as compared to GNPs and control groups;
this suggested the DN hydrogels could be equipped with highly
bioactive and osteogenic properties (Figure 3c). Interestingly,
even the implantation of pure GNPs colloidal gels resulted into
the formation of significantly higher volume of new bone than
the control. We speculated that, due to the capacity of GNPs
to absorb protein-based growth factors by forming electrostatic
interactions or hydrogen bonds between proteins and gelatin
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macromolecules,®?%3741] GNPs could absorb the bioactive
molecules from the bloods and continuously release them at
the defect sites, which can favor the bone regrowth. Whereafter,
the effect of controlled-released factors from GNPs-iPRF was
validated through ELISA kit.

To further histologically evaluate the newly formed bone
tissues, we further performed Stevenel's blue and Van Gie-
son’s picrofuchsin staining (VG staining) on hard tissue sec-
tions, in which osteoid was stained by blue dyes and red dyes
were for the staining of matured bone tissues. In general, all
groups exhibited the osteointegration between host bones and
titanium implants, which was evidenced by the close contact
between basal bone layer and implants. Specifically, these his-
tological results were in accordance with the micro-CT obser-
vation, showing that the highest amount of new bones were
generated in the GNPs-iPRF group (Figure 4a,b). At four weeks

a 4 Weeks

Control

GNPs

GNPs-iPRF

www.advhealthmat.de

post-implantation, new osteoid (blue) was distributed around
the new woven bones (red) in all three groups. Compared with
the other two groups, more bone matrix and new woven bone
were observed in GNPs-iPRF group (Figure 4a). At eight weeks,
the newly formed bones gradually matured and remodeled into
lamellar bones, which were also stained red. Apparently, more
mature lamellar bones could be clearly detected in GNPs-iPRF
group (Figure 4b). Further, semiquantitative analysis based on
the tissue sections was performed to evaluate the space mainte-
nance of newly formed bone tissues (Figure 4c). In particular,
the area of new bone (denoted as NBA), the height of new bone
(denoted as NBH), and the angle between the Schneiderian
membrane and the implant (denoted as MIA) were assessed.
Lowest values regarding NBA, NBH, and MIA were observed
in the control group. By contrast, the GNPs-iPRF group showed
significantly higher values of NBA, NBH, and MIA than those

b 8 Weeks
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Figure 4. Histological analysis of bone formation in a rabbit sinus augmentation model. a,b) Stevenel’s blue and Van Gieson’s picrofuchsin staining
(VG staining) was performed on hard tissue sections at 4 and 8 weeks post-implantation. The results showed that more new bone was detected in
GNPs-iPRF compared to two other groups. In addition, at four weeks, a different histological phenomenon from the other two groups was observed
in GNPs-iPRF group: a piece of bone matrix (marked as *) divided the new bone into two parts. As shown in (c), two areas (orange box and azure
box) were selected to further observe the new bone formation. Red represents new bone, blue represents bone matrix, and black represents implant.
c) Graphics of semiquantitative analysis regarding new bone area (NBA), new bone height (NBH), and the angle between the membrane and the
implant (MIA). SM was interpreted as the continuous periosteal-like structure (shown by the blue arrow in (a) and (b)). d) Semiquantitative analysis
showed that NBA, NBH, and MIA were greater in GNPs-iPRF group than the other two groups at 4 and 8 weeks post-implantation (n = 4). SM: Schnei-
derian membrane, BB: basal bone, IM: implant, NB: new bone, NBA: new bone area, NBH: new bone height, MIA: the angle between the membrane
and the implant, * P < 0.05, ** P < 0.01.
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of GNPs and control groups (Figure 4d). Moreover, compar-
ison between 4 and 8 weeks post-implantation showed that the
values of NBH and MIA in control group at eight weeks post-
implantation decreased significantly compared to the early time
point. Yet in GNPs-iPRF group, no obvious decrease in the
values of NBH and MIA could be observed at two different time
points (Figure S16, Supporting Information). This suggested
that the treatment using GNPs-iPRF gels led to the enhanced
bone formation but also less bone resorption over time, while
newly formed bones gradually resorbed at a later time point in
the control group. It was worth mentioning that lamellar bone
could still be observed at the implant apex in GNPs-iPRF group
at eight weeks post-implantation, in contrast to the control
group where no bone remained between Schneiderian mem-
brane and the implant apex (Figure S17, Supporting Informa-
tion). Such phenomenon of new bone resorption was reported
in previous studies that the resorption of newly formed bones
within the sinus cavity was presumably due to the mechan-
ical stimuli generated at the sinus site during respiration.*2l
Remarkably, the sinus cavities filled by GNPs-iPRF or GNPs
gels showed no obvious bone resorption but maturation of
bone tissues was displayed when treated with GNPs-iPRF gels.

Notably, a different pattern of new bone formation was
observed at four weeks post-implantation for the defects treated
with GNPs-iPRF hydrogels as compared to the other two groups,
that is, more woven bones were formed close to both the basal
bone and the Schneiderian membrane, leaving the intermediate
area filled with more immature bone tissues (Figure 4a, marked
with *). These results encouraged us to further investigate the
pattern of bone formation at different time points.

2.4. Different Patterns of New Bone Formation in Sinus Cavity

To further explore the evolutionary change of bone formation,
we performed sequential fluorescence labeling. Different flu-
orescent-labeled mineral dyes were injected intramuscularly
at 2 (yellow), 4 (green), and 7 (red) weeks, indicating the spa-
tiotemporal information of new bone growth. It was observed
that the sequence of new bone formation was creeping along
the direction from basal bone to Schneiderian membrane in
both control and GNPs groups (Figure 5a); this was similar to
the previous observations of bone regrowth patterns in sinus
defects.*] Microscopic images of higher magnification revealed
that newly formed bones were gradually lifted up from the basal
bone to the Schneiderian membrane side (Figure 5b). In con-
trast, the sequence of bone regeneration in defects treated with
GNPs-iPRF hydrogels showed a completely different pattern. It
seemed that bone regrowth initiated from both the basal bone
and membrane sides, and regrew along both basal-to-mem-
brane and membrane-to-basal directions. Especially, there
were more red fluorescent signals representing osteogenesis
at a later time point (seven weeks) concentrated at the middle
area of the elevated bone tissues (Figure 5a, marked with *),
indicating new bones might regrow from both basal and mem-
brane sides to bridge the gap between two osteogenic sources
in GNPs-iPRF group. Additionally, the mineral deposition rate
and new bone area in GNPs-iPRF group were higher than the
other two groups (Figure S18, Supporting Information).
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These interesting histological observations suggested that
there might be two osteogenic sources within the sinus cavi-
ties that can induce bone regeneration, i.e., basal bone and
Schneiderian membrane. Such theory has been proposed previ-
ously, but the conclusion about the origin of osteogenesis are
still under debate.* A majority of studies have shown new
bone formation stemming from the basal bone in the sinus
cavities,¥l while some studies have revealed that the Schnei-
derian membrane could also function as the periosteum-like
structure to offer osteogenic potential and induce new bone
formation.*+%]

To gain further insight into the different osteogenic pat-
tern within sinus cavity, histological and fluorescence labe-
ling analysis (4d injection of calcein, 10d injection of alizarin
red) in earlier time points were performed in control group.
Intriguingly, new bone regrew from both the basal bone and
the membrane sides at early stage of bone regeneration (within
two weeks post-implantation), even though no filling biomate-
rials have been introduced except the metal implant. This was
confirmed by both VG staining tissue sections (Figure 5c) and
sequential fluorescent labeling (Figure S5c). With a prominent
twist, the pattern of osteogenesis gradually transferred from a
bidirectional fashion at early stage into a unidirectional fashion
characterized by new bone formation mainly contributed from
the basal bone in control group (Figure 5d). On the contrary, by
filling the sinus cavities with GNPs-iPRF hydrogels, the bone
resorption was dramatically reduced as reflected by the bone
regrowth in a bidirectional fashion.

2.5. The Effect of GNPs-iPRF Gels on Bone Resorption
in Sinus Cavity

We speculated the change in the pattern of osteogenesis to be
related to bone resorption caused by the continuous stimuli
from the air pressure in the maxillary sinus, which has been
often observed in clinic (Figure 6a). Asai et al. verified that the
resorption of endosinus bone was counteracted by eliminating
air pressure in the sinus through occluding the rabbit’s nasal
cavity.*?l In order to quantify the air pressure on the Schneide-
rian membrane and analyze its influence on new bone forma-
tion in elevated Schneiderian membrane area, we established
a simplified finite element model of sinus augmentation to
calculate the value of pressure intensity (Figure S19, Sup-
porting Information). To this end, the material properties of
blood clots (Young’s modulus = 6.7 kPa), GNPs colloidal gels
(Young’s modulus = 9.2 kPa), and GNPs-iPRF DN gels (Young’s
modulus = 32.9 kPa) were sequentially assigned to the spatial
domain (Figure 6b and Figure S20, Supporting Information).
The pressure caused by respiration was statically loaded on the
Schneiderian membrane to simulate the stress condition of the
elevated area and analyze the strain distribution. After the finite
element calculation, the strain maps of the above three groups
were obtained. According to Wolff’s law, all bone filling mate-
rials are influenced by the external strain, to which bone tis-
sues will respond.[*®! The unit from bone tissues that responds
to mechanical environment and generates a physiological
response is defined as “bone healing unit.” The microstrain
from 50 to 3000 pe of bone healing unit is beneficial for bone
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Figure 5. Evolutionary changes of bone formation in a rabbit sinus augmentation model. a) Tetracycline (yellow) was injected at two weeks, calcein
(green) at four weeks, and alizarin red (red) at seven weeks for sequential fluorescent labeling. Yellow (2w)—green (4w)—red (7w) fluorescently labeled
mineral deposition was observed from basal bone to implant apex in control and GNPs groups. In GNPs-iPRF group, the red area was diffusely dis-
tributed, which divided the new bone area at the elevated site into two parts (marked as *). b) Two regions of interest (ROI) were selected: 1) area near
basal bone (ABB (b), pink box); 2) area underneath the SM near the implant apex (ASM (b), orange box). The results showed that control and GNPs
groups exhibited similar trends in the two ROIs: yellow-green-red area deposition could be observed from basal bone to the implant apex. In GNPs-iPRF
group, the ABB area showed similar trends to the other two groups. Regarding ASM, the mineral deposition sequence was in stark contrast to the other
two groups, which could be described as yellow-green-red area from implant apex pointed to the basal bone. c) A histological analysis and sequential
fluorescent labeling (4d injected with calcein, 10d injected with alizarin red) were performed on the control group at an earlier time point compared
with long-term time point. Unlike long-term results, VG staining showed that the new bone was observed underneath the Schneiderian membrane and
above the basal bone, among which were connected by immature bone matrix. The results of sequential fluorescent labeling showed new bone forma-
tion from basal bone upwards to Schneiderian membrane downwards was detected in control group at two weeks. d) The schematic diagram for the
alteration of osteogenic pattern at different time points. SM: Schneiderian membrane, BB: basal bone, VG: VG staining, CA: calcein, AL: alizarin red.

healing process.*#] The strain maps showed that the apex and
its periphery of the implant in control group were red (greater
than 3000 pe), and the number of bone healing unit for osteo-
genesis mechanics accounted for 71.2% of the total element
(Figure 6¢). Therefore, the blood clots around the implant apex
(stress concentration area) were not able to effectively resist the
pressure formed in the maxillary sinus during respiration, so
that the de novo bone in the sinus failed to maintain its contour
in control group at 4 and 8 weeks post-implantation, eventually
leading to its collapse (Figure 4a,b and Figure S17, Supporting
Information). At the same time, it was calculated that there was
no high-concentration area (red area) between the Schneide-
rian membrane and the implant apex in the GNPs-iPRF group,
where the value of bone healing unit accounted for 98.13% of
the total element. Correspondingly, the formation of lamellar
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bone between the membrane and the implant apex was
observed in histological staining at eight weeks (Figure S17,
Supporting Information). The above results suggested that the
difference in grafting materials resulted in a relative change
in stress and strain at the apex and periphery of the implant,
which in turn affected new bone formation and remodeling in
the elevated Schneiderian membrane area.

It is extensively accepted that the mechanical microenviron-
ment and stimulation are closely related to bone formation and
bone remodeling.['®! To demonstrate that bone resorption in
sinus cavities is related to mechanical stimuli, we performed
immunofluorescence staining on Periostin (POSTN), which
is a biomechanically responsive protein related to bone regen-
eration and remodeling.*¥ Specifically, under the effect of
pulling and pushing, cells could sense the ambient mechanical
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Figure 6. The effect of GNPs-iPRF hydrogels on bone resorption in sinus cavity. a) The compressive stress caused by the displacement of the Schneide-
rian membrane throughout the bone formation and reconstruction process after sinus augmentation. b) The sinus augmentation model was simplified
and established (Figure 7a blue dotted box), and the Schneiderian membrane was statically loaded with pressure caused by normal respiration to simu-
late the stress condition in each group of elevated areas and analyze the strain distribution. c) Strain maps of control, GNPs, and GNPs-iPRF groups.
d) POSTN immunofluorescence staining was performed on sinus specimens at two weeks post-implantation, which represented the central of bone
biomechanical response. The staining results reflected that POSTN was found in the three groups at wedge-shaped area between Schneiderian mem-
brane and the implant. POSTN in GNPs-iPRF was expressed more than the other two groups. The green arrow was pointed to the POSTN positively
expressed area. e) TRAP staining (the expression of this staining represented the function of osteoclasts) was performed on maxillary sinus specimens
of each group at two weeks post-implantation, and the results showed that a large amount of TRAP activity was observed at the implant apex and under
Schneiderian membrane (high strain area) in control group, while the TRAP activity was minimal in GNPs-iPRF group. The purple arrow was pointed
to the TRAP-positive expression area. f) The tissue sections stained with TRAP were divided into a mesh with 24 x 50 units, and the unit with TRAP-
positive expression was marked as 1, while those without TRAP-positive expression were marked as 0. The addition of the corresponding number was
conducted on ten consecutive specimens from three groups and heat maps were drawn subsequently. The results suggested that the high expression
area of TRAP was basically consistent with the high strain area in the finite element analysis. SM: Schneiderian membrane, BB: basal bone, IM: implant.

microenvironment, and correspondingly, produce biochemical
activity within suitable mechanical stimuli, that is, demon-
strating highly expressed POSTN.#84 According to previous
studies, positive POSTN expression is strongly correlated with
tissue repair and wound healing promotion, revealing a func-
tion in angiogenesis and osteogenesis beyond its role as a
structural protein.P% Strikingly, we detected positive POSTN
expression at early stage (two weeks post-implantation) in all
groups at the wedge-shaped area where newly formed bones
located (Figures 6d and 5a,c). This indicated the locations of
stress concentration and was coincident to the result of our
simulation. Specifically, significantly higher positive POSTN
expression was observed in the defect treated by GNPs-iPRF
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gels as compared to those of control and GNPs groups
(Figure 6d and Figure S21a, Supporting Information).

Previous studies also have shown the relationship
between POSTN expression and osteoclast activities, i.e.,
the downregulation of POSTN expression leads to a sub-
stantial increase in the activity of osteoclasts in bone tis-
sues and following bone resorption.*>!l Therefore, we
further evaluated the function of osteoclasts in the tissue
sections by tartrate-resistant acid phosphatase (TRAP)
staining, in which osteoclasts were stained purple. We
noticed that in the control group significantly higher TRAP
activity was particularly located at the regions under the
Schneiderian membrane. In contrast, minimal TRAP
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activity was observed in the defects treated with GNPs-iPRF
gels, indicating lower osteoclasts activity (Figure 6e and
Figure S21b, Supporting Information). We further analyzed
the intensity and location of TRAP expression by summa-
rizing a series of consecutive tissue sections for each group
and drawing into a heat map as shown in Figure 6f. The result
confirmed that the regions of higher TRAP expression in the
control group overlapped with the regions of stress concen-
tration based on our simulated strain maps (Figure 6c). Col-
lectively, these results provided solid evidences to prove that
the bone formation and resorption in the sinus augmentation
model is strongly related to the mechanical stimuli. Appar-
ently, bones under Schneiderian membrane were directly
exposed to the high compressive stress generated from the
respiration, which led to higher osteoclastic activity and subse-
quent bone resorption. However, the presence of GNPs-iPRF
or GNPs hydrogels obviously alleviated, if not inhibited, bone
resorption stemming from the unfavorable stress concentra-
tion, thereby achieving enhanced bone regeneration within
sinus cavities. This might result from the favorable mechan-
ical properties of GNPs-iPRF DN gels which could provide
local adaptability to the irregular-shaped cavity and maintain
the bulk stability by dissipating the external stress from the
rhythmic respiration.

2.6. The Effect of GNPs-iPRF Gels on Angiogenesis

In addition to biomechanical signals, the presence of bio-
chemical signals also plays a dominant role in inducing
bone regeneration.>3l Previous studies have demonstrated
the capacity of injectable GNPs colloidal gels for sustained
delivery of biomolecules such as BMPs, fibroblast growth
factors (FGFs), due to the inherent porous matrix of gelatin,
large specific surface area, strong affinity to proteins by electro-
static and hydrophobic interactions, and tunable degradation
rates.®37#1 Here in this study, we suggested the GNPs within
the DN gels as delivery vehicles for sustained release of bio-
active components from iPRF, thereby providing bioactivity
to induce cell regrowth and tissue regeneration. According to
enzyme-linked immunosorbent assay (ELISA) examination,
GNPs-iPRF showed the capacity of more than three weeks
sustained release of multiple growth factors from the iPRF,
including VEGF, platelet derived growth factor-BB (PDGEF-BB),
TGF-pB, and insulin-like growth factor-1 (IGF-1) (Figure 7a). In
comparison, the study in vitro of growth factors released from
pure iPRF gels showed significantly higher burst release at the
initial time points than the DN gels, and all the growth fac-
tors leaked out after two weeks in vitro incubation, which is
similar to previous studies stated'®>?! (Figure 7a). Compared
to the previous studies, GNPs-iPRF displayed satisfied effect as
a delivery vehicle regarding controlled release of factors. For
instance, Barati et al. incorporated BMP-2, VEGF, and other
growth factors into a nanogel based on polyethylene glycol
for large bone defects and found out the gel could maintain
its sustained release on the 21th d.’3 Similarly, Zhao et al.
fabricated an injectable hydrogel to deliver VEGF and PDGF-
BB for angiogenesis and detected slow release of both growth
factors on the 15th d.2% Compared with the above materials,
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GNPs-iPRF gel, by loading concentrated autologous blood
growth factor, was cheaper, simpler to fabricate, and easier to
be accepted by patients. While compared with pure autologous
platelet- and plasma-derived protein fibrin scaffold, GNPs-
iPRF gel prolonged the release period and bypassed the burst
release of the factors.

In particular, VEGF, PDGF-BB, and IGF-1 from iPRF are
well-known angiogenic growth factors which are prerequisite
for later osteogenesis.*! Therefore, we speculated that the pro-
longed release of these growth factors owing to the presence of
GNPs might provide continuous inductive signals at the defect
sites via establishing local neovascularization network at the
early stage.

In order to verify the angiogenesis potential of GNPs-iPRF
hydrogels, the conditioned mediums were cultured with
human umbilical vein endothelial cells (HUVECSs) in vitro
and we evaluated the vasculature qualitatively and quantita-
tively correspondingly. The results of tube formation showed
that the number of tubes, the number of tube nodes, and the
total tube lengths of the vascular network formed by HUVECs
in GNPs-iPRF conditioned medium were significantly higher
than cells cultured in GNPs conditioned medium or tissue
culture plates; this displayed that the control group was con-
sisted of only medium while there were plentiful growth fac-
tors released from GNPs-iPRF gels in the medium to promote
the angiogenesis (Figure 7b,c). Further qPCR results revealed
that the mRNA levels of VEGF, Col-1, and Ang-1 were sig-
nificantly higher for HUVECs cultured in GNPs-iPRF condi-
tioned medium than those of the GNPs and control groups
(Figure 7d).

Subsequently, the angiogenic abilities among GNPs-iPRF,
GNPs, and iPRF gels were compared in the back of nude mice.
Moreover, more angiogenesis was observed in GNPs-iPRF and
iPRF groups after two weeks implantation (Figure 7e). Nev-
ertheless, the presence of iPRF gel could not be observed in
iPRF group, suggesting its degradation rate was faster than
that of bone tissue regeneration. Further H&E staining of the
sinus tissue sections confirmed pronounced angiogenesis in
GNPs-iPRF group as compared with GNPs and control groups
at four weeks (Figure 7f). The histomorphometric statistics
of the neovascularization demonstrated that GNPs-iPRF was
superior compared to the other two groups in terms of the
number, density, and diameter of newly formed blood vessels
(Figure 7g). These results suggested that the GNPs-iPRF gels
were biologically active and could accelerate early vasculari-
zation, ultimately leading to the desirable osteogenic effects.
In addition, the effects of GNPs-iPRF on cellular immunity,
migration, and the mechanical strength of materials on cell
differentiation have not been explored in this study. Among
previous studies, it was shown that in addition to promoting
angiogenesis, various growth factors within iPRF could also
promote cell proliferation, cell migration, and regulate the
macrophages to transform to the anti-inflammation state.[!>>]
It was also proven that mechanical features such as stiffness,
stress relaxation, and creep can significantly steer stem cell
fate.[*22] Future study regarding GNPs-iPRF should be empha-
sized on cellular and molecular levels to further investigate
what other factors could have contributed to the favorable oste-
ogenic effect.
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Figure 7. The effect of GNPs-iPRF hydrogels on angiogenesis. a) ELISA was used to detect the release of the four major growth factors contained in
iPRF and GNPs-iPRF (n = 3). The results showed that GNPs-iPRF possessed a better sustained release effect than iPRF. On day 1, a significantly burst
release was observed in iPRF, and the releasing quantity of GNPs-iPRF was about half that of iPRF. In addition, multiple growth factors in iPRF were
not detectable on day 15, while GNPs-iPRF could still be detected on day 21. b) Conditioned medium of each group was cocultured with HUVECs and
vascular tube formation assay was performed. c) Semiquantitative analysis of vascular tube formation (n = 3). The result showed that the number of
tubes, the number of tube nodes, and the total tube lengths in the GNPs-iPRF group were all greater than those in the other two groups. d) Conditioned
medium of each group were cocultured with HUVECs and qRT-PCR was conducted correspondingly (n =3). The results showed that the mRNA levels of
VEGF, Col1, and Ang-1 were significantly higher in GNPs-iPRF group than those in GNPs and control groups. €) After the same volumes of GNPs-iPRF,
GNPs, and iPRF gels were placed in the back of the nude mice for 14 d, more blood vessels were observed obviously in GNPs-iPRF and iPRF groups,
and the presence of GNPs and GNPs-iPRF could still be detected 14 d later, but not iPRF gel. f) H&E staining was performed on the tissue sections
of sinus augmentation models at four weeks post-implantation, the results showed that obvious blood vessel formation and even larger blood vessels
were observed in GNPs-iPRF group. g) The histomorphometric statistics of the above-mentioned neovascularization demonstrated that GNPs-iPRF
was superior to other two groups regarding the number, density, diameter of new blood vessels (n = 4). * P < 0.05.

3. Conclusion

In summary, we developed biphasic hydrogels based on gelatin
nanoparticles and iPRF, which has shown injectability and self-
healability, as well as significantly enhanced toughness values
and degree of deformation than each component can achieve
separately. Such remarkable mechanical properties were dem-
onstrated to be attributed to the double network structure of the
hydrogels, in which iPRF offered a primary covalent network to
maintain structural stability, while the colloidal network of GNPs
provided sacrificial bonds to dissipate energy upon loading.
More importantly, the DN hydrogel offered local adaptability to
the topographical and mechanical conditions of the irregular-
shaped bone defects. Remarkably, the treatment of DN gels can
reverse the long-existing problematic issue of bone resorption
in sinus augmentation surgery, presumably related to the adapt-
able hydrogels that can dissipate the destructive compression
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generated by respiration in the sinus cavity. We suggested that
the adaptable and bioactive DN hydrogels can achieve enhanced
tissue regeneration while maintaining long-term bone mass by
accommodating the irregular shape of the defects, providing
physiologically relevant environment and withstanding the
external loadings from regular physiological activities, thus
offering a valuable solution for the clinical challenges in treating
bone defects of high degree of local complexity.

4. Experimental Section

Materials Synthesis: Gelatin nanoparticles were prepared by a two-
step desolvation method. 7 mL of whole blood without anticoagulant
was centrifuged at 700 rpm for 3 min by a duo-Centrifuge (Process for
iPRF, Nice, France). Subsequently, 1 mL yellowish liquid-like iPRF was
collected from the upper layer of the blood.

Cell Behavior Assessment: For angiogenic differentiation, HUVECs were
seeded in a mixture containing DMEM, 1% penicillin—streptomycin,
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and 20% FBS. All the cells were then cultured at 37 °C in a humidified
atmosphere which was kept at 5% CO,.

Two groups of sterile materials (GNPs, GNPs-iPRF) were both
incubated in DMEM medium containing 20% FBS and the supernatant
of 1 d was selected to prepare 20% conditioned medium. The
conditioned mediums were cultured with HUVECs in vitro and evaluated
vasculature qualitatively and quantitatively by tube formation assay and
PCR.

Statistical Analysis: All the results are calculated as mean * sd.
Statistical analyses were conducted using ANOVA by SPSS Statistics
version 20.0 (IBM Corp., Armonk, NY) and Graphpad Prism Version 7
(Graphpad Software, USA). Differences were considered statistically
significant at the p < 0.05.

Please see the Supporting Information for details. All animal
experiments were performed according to protocols approved
by the Chongqing Medical University Ethics Review Committee
(CQHS-IRB-2018-07).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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